Purpose: Patient studies have not provided consistent evidence for interictal neuronal hyperexcitability inside the seizure-onset zone (SOZ). We hypothesized that gray matter (GM) loss could have important effects on neuronal firing, and quantifying these effects would reveal significant differences in neuronal firing inside versus outside the SOZ. Methods: Magnetic resonance imaging (MRI) and computational unfolding of mesial temporal lobe (MTL) subregions was used to construct anatomic maps to compute GM loss in presurgical patients with medically intractable focal seizures in relation to controls. In patients, these same maps were used to locate the position of microelectrodes that recorded interictal neuronal activity. Single neuron firing and burst rates were evaluated in relation to GM loss and MTL subregions inside and outside the SOZ. Key Findings: MTL GM thickness was reduced inside and outside the SOZ in patients with respect to controls, yet GM loss was associated more strongly with firing and burst rates in several MTL subregions inside the SOZ.
Adjusting single neuron firing and burst rates for the effects of GM loss revealed significantly higher firing rates in the subregion consisting of dentate gyrus and CA2 and CA3 (CA23DG), as well as CA1 and entorhinal cortex (EC) inside versus outside the SOZ where normalized MRI GM loss was ‡1.40 mm. Firing rates were higher in subicular cortex inside the SOZ at GM loss ‡1.97 mm, whereas burst rates were higher in CA23DG, CA1, and EC inside than outside the SOZ at similar levels of GM loss. Significance: The correlation between GM loss and increased firing and burst rates suggests GM structural alterations in MTL subregions are associated with interictal neuronal hyperexcitability inside the SOZ. Significant differences in firing rates and bursting in areas with GM loss inside compared to outside the SOZ indicate that synaptic reorganization following cell loss could be associated with varying degrees of epileptogenicity in patients with intractable focal seizures. KEY WORDS: Epilepsy, Atrophy, Hippocampus, Magnetic resonance imaging, Microelectrode, Single neuron.
Experimental models of focal seizures show that neuronal burst firing occurs regularly within the interictal electroencephalographic spike focus (Matsumoto & Marsan, 1964; Sherwin, 1970; Reid & Sypert, 1980) , supporting the concept that abnormal excitability, for example, higher firing rates, bursting, or both, contributes to the generation of epileptiform discharges. It would be reasonable to expect then that in patients with pharmacoresistant focal seizures, the seizure-onset zone (SOZ) would also contain a significant number of abnormally firing neurons. Interictal single neuron studies, however, have not provided evidence wholly consistent with results from experimental models (Isokawa-Akesson et al., 1989; Colder et al., 1996a,b; Staba et al., 2002b; Viskontas et al., 2007) . Furthermore, in vitro studies have also had difficultly detecting abnormal firing because resected epileptogenic tissue might not maintain spontaneous synaptic activity (Schwartzkroin et al., 1983) , but electrical stimulation in dentate gyrus shows abnormal evoked responses correlate with higher levels of axon sprouting (Masukawa et al., 1992) . These latter data suggest that hyperexcitability might also be associated with levels of neuron loss, which was not considered in the patient studies cited above and could explain differences in results from these studies, as well as provide new information on neuronal disturbances inside the SOZ.
In patients with poorly controlled focal seizures arising from the mesial temporal lobe (MTL), quantitative magnetic resonance imaging (MRI) studies can detect mesial temporal lobe (MTL) abnormalities ipsilateral and contralateral to the temporal (Hogan et al., 2004; Lin et al., 2007; Labate et al., 2008; McDonald et al., 2008; Ogren et al., 2009a) or extratemporal lobe SOZ (Scott et al., 2003; Briellmann et al., 2004) . In some of these studies using advance neuroimaging techniques, intracranial depth electrodes with microelectrodes can be registered with MRI to investigate electrophysiologic disturbances in relation to structural damage Ogren et al., 2009a,b) . In the present study, high-resolution MRI and computational unfolding of the MTL was used to construct gray matter (GM) thickness maps in presurgical patients and controls. In patients, these same anatomic maps were used to register the position of microelectrodes that recorded interictal single neuron activity to determine whether changes in GM thickness were associated with neuronal firing and burst rates, and if so, whether adjusting for the effects of GM loss would identify differences in MTL firing and burst rates inside compared to outside the SOZ.
Materials and Methods

Subjects
Subjects for this retrospective study were 10 consecutive patients (three female) with intractable focal seizures that began in temporal or extratemporal structures (Table 1) , and 13 controls (three female) without epilepsy [patient vs. control, mean age € standard deviation (SD) 36.3 € 10.5 vs. 30.5 € 10.4 years, t = 1.3, p = 0.10). Patients were candidates for epilepsy surgery, but required clinical depth electrode studies to locate brain areas where seizures began because results from noninvasive studies were not conclusive. In each patient, seven contact depth electrodes (AdTech Medical Instruments, Racine, WI, U.S.A.) were implanted bilaterally in temporal and frontal lobe areas, orthogonal to the lateral skull surface, to identify brain areas generating spontaneous seizure activity (Engel, 1996) . All patients gave their informed consent to participate in this study, which was approved by the medical institutional review board in the UCLA Office for Protection of Research Subjects.
Microelectrode single neuron recordings
Inserted through the lumen of each depth electrode was a microelectrode that consisted of a linear array of nine, 40-lm diameter platinum-iridium microwires that extended £4 mm beyond the tip (impedance 100-300 kX at 1 kHz; 500 lm intertip spacing) (Fried et al., 1999) . The ninth microwire in each bundle was uninsulated and was used as reference (impedance 1-3 kX at 1 kHz). Continuous wide bandwidth (0.001-6 kHz, 27.8 kHz sampling; 16-bit precision, Neuralynx, Inc., Bozeman, MT, U.S.A.) depth electroencephalography (EEG) was recorded from 64 microwires simultaneously 72 h after surgery between 2200 and 0700 h while patients were maintained on presurgical levels of antiepileptic drugs (AEDs) and at least 12 h before or after a spontaneous seizure. For each patient, recordings between 60 and 120 min in duration were analyzed. Extracellular action potentials (''spikes'') were detected from bandpass filtered (0.3-3 kHz, 4th order elliptical filter) highfrequency EEG and 2.3 ms (64 data points) surrounding the Postsurgical outcome class based on Engel classification I-IV (Engel 1993) . Number in parentheses is follow-up in months. minimum amplitude of the central trough of each spike waveform was extracted (Fig. S1 ). An automated spike sorting algorithm called Osort was used to cluster spikes based on waveform similarities (Rutishauser et al., 2006) . Each cluster was visually inspected and resorted manually if >2% of the total interspike intervals (ISIs) occurred between 0 and 2 ms, or if results from projection tests, which measured the extent of separation between two clusters, found >1% overlap between respective spike distributions. Clusters unsuccessfully sorted and/or containing a narrow peak in power at 60 Hz in the power spectral density histogram were excluded from further analysis. Overall, 88 € 13% of all detected spikes were successfully sorted into individual clusters corresponding to putative single neurons.
MRI acquisition and analysis
Structural MRI analysis was similar to that in previous patient studies and summarized in Fig. 1 (Zeineh et al., 2001 (Zeineh et al., , 2003 Ekstrom et al., 2009b) . For all patients a 3 Tesla T 2 -weighted MRI (repetition time 5.2 s, echo time 105 ms, 19 contiguous slices, voxel size 0.4 · 0.4 · 3.0 mm) of the MTL was obtained in the coronal plane perpendicular to the anterior-posterior axis (AP) of the hippocampus (Fig. 1A) . GM was segmented by outlining white matter and cerebral spinal fluid (CSF) along the hippocampus proper and extending through the fusiform cortex (Fig. 1B,C) . Coronal slices were mathematically interpolated by a factor of 7, which produced a final voxel size of 0.4 · 0.4 · 0.43 mm, and then GM voxels were connected using the region-expansion algorithm MrGray that produced a 3D GM strip (Teo et al., 1997) (Fig. 1D ). The 3D strip was computationally flattened into 2D using MRUNFOLD software ( Fig. 1F) (Engel et al., 1997) . Because distinct cytoarchitectural boundaries corresponding to MTL subregions could not be detected on MRI, a rules-based protocol combined with atlases of hippocampal structural anatomy (Mai et al., 1997; Duvernoy, 1998; Amaral, 1999 ) was used to manually draw margins that separated MTL subregions on three-dimensional (3D) hippocampal images (Fig. 1E ). Due to the highly convoluted nature of dentate gyrus (DG) and hippocampal subfields CA2 and CA3, these areas were combined (CA23DG); CA23DG-CA1; CA1-subicular cortex (SUB); SUB-entorhinal cortex (EC); ECperirhinal cortex (PRC); SUB-parahippocampal gyrus (PHG); and PHG-fusiform cortex (i.e., the collateral sulcus). We also demarcated the beginning of the hippocampal head and the EC-PRC-PHG boundary. Margins derived in 3D were then projected onto unfolded twodimensional (2D) maps that outlined each MTL subregion (Fig. 1F) .
GM thickness was measured by first extracting the middle layer in the 3D GM strip (e.g., Fig. 1D ), which was equidistant from adjacent white matter and CSF, and then the distance value at each GM voxel in the middle layer was multiplied by two (Burggren et al., 2008) . Mean GM thickness was computed for each MTL subregion by averaging thickness values from all GM voxels within the margins on the 2D maps (Fig. 1F ). Individual MTL subregions were normalized by multiplying each subregion thickness by the grand mean total number of voxels from the right and left MTL and dividing by the total number of voxels in the corresponding MTL.
Localization of microelectrode arrays used the same techniques described in previous studies and in relation to anatomic maps, arrays typically encompassed an 8 mm 2 area with 1 mm in-plane accuracy (Ekstrom et al., , 2009a . A three-way registration was carried out using preoperative 3 Tesla T 1 -and T 2 -weighted MRI and postimplantation computed tomography (CT) (1 s rotation, helical pitch 1.5, 1 mm slice collimation, 0.5 mm reconstruction interval delineated using axial slices) using IPLAN software (BRAINLAB Munich, Germany) (Gumprecht et al., 1999; Schlaier et al., 2004) . CT images were manually reviewed in 3D for signal artifact corresponding to the microelectrode extending beyond the tip of each clinical depth electrode (Fig. 1G) , and visually verified with microelectrode array trajectories on skull radiograph scans. Coordinates corresponding with marked microelectrode tips on CT were registered to locations on MRI. In all cases, the position of microelectrodes on 3D T 1 -weighted MRI corresponded with those on 3D T 2 -weighted MRI and 2D MTL map.
Data analysis
Brain areas of depth EEG seizure onset were identified by group consensus of neurologists at UCLA following review of multiple spontaneous, independent seizures. Using sites of seizure onset and early propagation based on results from previous work (Lieb et al., 1986) , MTL where seizures began or appeared £5 s from sites of onset were labeled ''inside the SOZ,'' whereas the MTL where onsets did not occur or seizures appeared >5 s from sites of onset were labeled ''outside the SOZ.'' In patients with bilateral temporal lobe onsets (n = 2), left and right MTL were considered inside the SOZ, whereas in patients (n = 2) with extratemporal onsets and no appearance of seizures £5 s from the site of onset, left and right MTL were considered outside the SOZ.
Single neuron firing properties included mean firing rate (spikes/s), mean burst rate (bursts/min), and percentage of spikes in bursts. A rank surprise method was used to identify bursts defined as an episode of ‡n consecutive spikes with <i ISI that would be unexpected if the ISIs were randomly and independently drawn from the neuron's ISI distribution (GourØvitch & Eggermont, 2007) . Burst parameters were n ‡ 3 and i < duration in msec corresponding to the initial peak in each neuron's natural log-transformed ISI histogram (Selinger et al., 2007) . Only bursts with a significant rank surprise statistic (p < 0.01) were used in measures of bursting. Epilepsia ILAE Statistical analysis was carried out using SPSS Statistics software (IBM Corp., Somers, NY, U.S.A.). Analysis of variance was used to compare normalized GM thickness between subject groups (patient vs. control) and epileptogenicity (inside vs. outside the SOZ), with MTL subregion as the within-group repeated measure. An analysis of covariance (ANCOVA) model was used to compare firing and burst rates in relation to epileptogenicity and MTL subregion, using subregion GM loss (or gain) as a covariate computed as the difference in normalized mean GM thickness between patient and matched controls. In the ANCO-VA, standardized values of rates and GM loss were used, and regression analysis was used to evaluate significant interactions with GM loss. Each subgroup in the interaction with GM loss was evaluated independently, and a systematic comparison was carried out to determine whether subgroup slopes were statistically different. Subgroups that had the same slope were combined to reduce the number of independent variables in the model, and then a separate analysis was carried out to determine whether the pooled subgroup slopes were significantly different than zero and from one another. ANCOVA assumes homogeneity of regression (i.e., equal slopes between GM loss and rates), and for post hoc analysis with unequal slopes, rates were adjusted using the following equation and evaluated at specific levels of GM thickness: Y adj = Y unadj -B · (X group ) X grand ), where Y adj and Y unadj = adjusted and unadjusted mean rate, respectively, B = regression coefficient, and X group and X grand = group and grand mean of subregion GM thickness, respectively.
Results
MTL GM thickness
The MRI segmentation techniques illustrated in Fig. 1 were used to measure GM thickness in MTL subregions bilaterally of 10 patients with epilepsy and 13 age-and gender-matched controls. Overall, compared to controls, there was a significant reduction in mean normalized MTL GM thickness in patients inside and outside the SOZ (F 1,42 = 7.33 p = 0.009; Fig. 2A) . Moreover, significant differences were found between controls and subregions (F 6,252 = 5.22, p < 0.0001), and Fig. 2B shows GM thickness for each MTL subregion in patients with respect to controls. Post hoc analyses found significantly reduced GM thickness in a combined area consisting of hippocampal CA2, CA3 and dentate gyrus labeled ''CA23DG,'' subicular cortex (SUB), entorhinal cortex (EC), and fusiform gyrus (FUS). Differences in GM thickness between patients and controls in CA1, perirhinal cortex (PRC), and parahippocampal gyrus (PHG) were not statistically significant.
Single neuron firing rates
A total of 43 microelectrode arrays representing 344 active microwires were positioned bilaterally in most MTL subregions, except PRC or FUS, which were not sampled with microwires in this consecutive series of patients. Of the total microwires, 168 recorded extracellular spikes that were extracted and separated into 387 single neuron spike trains (Fig. S1) . Table 2 An analysis of firing rates found no main effect of epileptogenicity (F 1,369 = 0.52, p = 0.47), but there was a significant interaction between epileptogenicity and subregion (F 4,369 = 3.70, p = 0.006; Table S1 ). Furthermore, there was a significant three-way interaction in epileptogenicity, subregion, and subregion GM loss computed as the difference in mean GM thickness between patient and matched controls (F 4,369 = 2.88, p = 0.02). The latter interaction indicated the effects of GM loss on firing rates were different across subregions inside and outside the SOZ. As described in the Materials and Methods (in Data analysis section), regression analysis was used to evaluate each subgroup in the interaction independently, and if subgroups had equal slopes, then these were combined. Results of this analysis found GM loss was associated with higher firing rates in CA23DG, CA1, and EC inside the SOZ (Fig. 3A) . By contrast, there was a smaller effect of GM loss on firing rates in SUB and PHG within the SOZ, as well as in all subregions outside the SOZ (Fig. 3B) . A separate regression analysis revealed GM loss was associated with higher firing rates inside the SOZ (F 1,84 = 4.30, p = 0.04), but not outside the SOZ (F 1,69 = 1.18, p = 0.28), in the four patients who did not have gross MTL abnormalities on MRI, which was similar to the effect found in the overall group analysis. Analysis of fitted regression lines in Fig. 3A ,B showed each slope was significantly different than zero, and the slopes were significantly different for each other (F 1,354 = 6.75, p = 0.01).
Because regression analysis found unequal slopes, firing rates were adjusted for the different effects of GM loss, and the evaluation of rates in relation to epileptogenicity and subregion was carried out at different levels of GM loss. At normalized GM loss ‡1.40 mm, corresponding to the 50th percentile of GM loss in patients with respect to controls, firing rates were significantly higher in CA23DG, CA1, and EC inside the SOZ compared to homotopic subregions outside the SOZ (Fig. 3C) . At levels of GM loss ‡1.97 mm, equivalent to the 25th percentile, significantly higher firing rates were found in SUB inside versus outside the SOZ. In contrast, at GM loss £0.26 mm corresponding to the 75th percentile (i.e., little or no GM loss in patients), firing rates in PHG inside the SOZ were lower than rates outside the SOZ.
Burst firing
MTL single neurons had irregular firing patterns that consisted of short episodes of a high rate of firing that were followed by longer periods of low or no firing (Fig. 4A) . Coefficient of variation (CV) values were significantly greater than one (one sample t-test, t = 7.02, p < 0.0001), which was consistent with the occurrence of bursting (Wilbur & Rinzel, 1983) . No difference was found in mean CV values inside versus outside the SOZ (1.37 € 0.08 vs. 1.34 € 0.07; p = 0.32), across subregions, or the interaction between epileptogenicity and subregion. The algorithm used to detect extracellular bursts included an ISI threshold A B C derived from each neuron's ISI distribution ( Fig. 4B ; see Materials and Methods). Overall, median thresholds were 36 and 54 msec to extract bursts within and outside the SOZ, respectively, and no difference was found in distribution of ISI thresholds with respect to epileptogenicity (Mann-Whitney, p = 0.35). Eighty-seven percent of all neurons discharged spikes within bursts, and there was no difference in the percentage of spikes in bursts to total spikes with respect to epileptogenicity (inside SOZ, 9.10 € 0.42%; outside SOZ, 9.45 € 0.41%; F 1,369 = 0.20, p = 0.65), across subregions, or with GM loss.
No difference was found in burst rates inside versus outside the SOZ (F 1,369 = 0.40, p = 0.53), but there was a significant interaction between epileptogenicity and subregion (F 4,369 = 2.70, p = 0.03), as well as a three-way interaction of epileptogenicity, subregion, and GM loss on burst rates (F 4,369 = 2.99, p = 0.02). The same approach used for firing rates was used to evaluate the interaction with GM loss on burst rates. The scatter plot in Fig. 4C summarizes the results of the regression analysis that found GM loss was associated with higher burst rates in all subregions inside the SOZ. The slope quantifying this effect was significantly different than zero (t = )4.59, p < 0.0001), and different from the slope of the second regression line between GM loss and burst rates in subregions outside the SOZ shown in Fig. 4D (F 1,354 = 6 .71, p = 0.01). The effect of GM loss on burst rates outside the SOZ was much smaller, and the slope quantifying this effect was not different than zero (t = )0.56, p = 0.58). Post hoc analyses comparing burst rates in relation to epileptogenicity and subregion revealed that at GM loss ‡1.40 mm, burst rates were higher in CA23DG inside than outside the SOZ (Fig. 4E) . At GM loss ‡1.97 mm, burst rates were significantly greater in CA1 and EC inside compared to outside the SOZ. No difference in adjusted mean burst rates was observed at any level of GM loss or gain in SUB ( 
Discussion
Results from this study show that in patients compared to controls, there was a reduction in MTL GM thickness inside and outside the SOZ, yet there was a stronger association between GM loss and higher single neuron firing and burst rates inside than outside the SOZ. After adjusting for the effects of GM loss, analysis found significantly higher firing and bursting rates in several MTL subregions inside versus outside the SOZ at different levels of GM loss. These results suggest GM loss and correlation with firing rates is an important consideration for studies of epileptogenicity, and notably, provides evidence for interictal single neuron hyperexcitability in MTL structures capable of generating spontaneous seizures.
The reduction in MTL thickness inside and outside the SOZ observed in the group analysis is consistent with results from MRI studies that found ipsilateral, and in some studies contralateral, MTL atrophy in patients with temporal lobe (Jack et al., 1990; Cascino et al., 1991; Bernasconi et al., 1999 Bernasconi et al., , 2003 or extratemporal lobe epilepsy (Scott et al., 2003; Briellmann et al., 2004) . Interpretation of the present structural data should consider that MRI parameters were optimized to enhance the structural detail in the MTL , and subregion GM thickness was normalized to overall MTL size, not brain volume, which was not available with this protocol. It is unlikely the normalization methods would significantly affect outcomes because our analysis compared subject groups that were balanced for age and gender (Barnes et al., 2010) , but it is possible that differences measured here might not be comparable beyond the MTL. In addition, we are aware that we may not know where seizures actually arose in some of our patients. If ictal onset occurred in areas where there were no electrode contacts, then apparent ictal onsets could reflect early propagation. MTL subregions without electrodes, but adjacent to sites of seizure onset, were included in the SOZ, as were subregions with early ictal propagation (Luders et al., 1993) , which evidence suggests are areas inside the epileptogenic region (Lieb et al., 1986) . In patients who underwent epilepsy surgery, resection included subregions identified inside the SOZ that was associated with seizurefree outcome.
In relation to MTL subregion, GM thickness in patients with respect to controls was significantly reduced in DG/ CA2/CA3, SUB, EC, and FUS compared to CA1, PRC, or PHG. Subregions with GM loss were different compared to the classic pattern of hippocampal sclerosis (HS) in TLE, where greater neuron loss is found in the hilar region of DG, CA3, and CA1 than CA2 and portions of SUB (Mathern et al., 2008) . Such differences should be expected, since only two patients in the current study had a diagnosis of HS, whereas the extent of subregion GM loss is consistent with the majority of patients who had MTL seizure onsets. Studies using similar segmentation techniques as the ones used here found in some patients with TLE and HS, diffuse GM loss in ipsilateral hippocampal formation, including evidence for contralateral damage in SUB (Hogan et al., 2004; Mueller et al., 2009 ). In addition, cases of TLE without MRI-detected HS, which were also included in the present study, had ipsilateral EC and SUB loss, whereas other cases had bilateral damage in DG and CA3 (Bernasconi et al., 2001; Mueller et al., 2009) . Based on the different patterns of GM loss identified by MRI and histologic studies (Blümcke et al., 2007) , it appears that there exist subtypes of HS, and imaging segmentation techniques like the ones used in the current study could help detect local MTL anatomic abnormalities. It is important to note, however, that in our study and others, MTL subregion margins were drawn manually rather than on the basis of distinct cytoarchitecture, which could not be detected on MRI. Higher resolution MRI and histologic studies are needed to determine how closely anatomic margins and subregion-specific GM loss corresponds with the different types of MTL pathology.
The observation that GM loss correlates with higher MTL firing and burst rates is consistent with the view that epileptogenicity in acquired epilepsy results from cell loss and synaptic reorganization of surviving neurons (Cavalheiro et al., 1982; Tauck & Nadler, 1985; Mathern et al., 1993) . Furthermore, this correlation was stronger inside than outside the SOZ, which suggests that this mechanistic process is not obligatory, and reorganization in some areas appears to be much more epileptogenic than in others. By contrast, MTL GM loss outside the SOZ could be a secondary effect of recurrent epileptiform activity, although it is uncertain whether patient studies alone could distinguish between these two hypotheses. It is also not clear whether the correlation between GM loss and interictal neuronal hyperexcitability would be similar, for example, in an analysis consisting only of mesial temporal lobe epilepsy (MTLE). However, the significant morphologic alterations associated with HS often found in MTLE, combined with in vitro evidence demonstrating abnormal evoked responses correlate with severity of mossy fiber reorganizations (Masukawa et al., 1992) , indicate that structure-function correlations could exist in MTLE and likely other epilepsies.
Several patient studies were unable to detect differences in interictal MTL firing rates in relation to the SOZ (Isokawa-Akesson et al., 1989; Viskontas et al., 2007; Le Van Quyen et al., 2008) , whereas others, including our previous and current work, did find higher firing rates inside the SOZ (Isokawa-Akesson et al., 1987; Colder et al., 1996a; Staba et al., 2002a) . The inconsistent results among patient studies could be due to differences in levels of antiseizure medication, although the recordings used here were carried out when patients were maintained at presurgical levels that presumably should have reduced and made it more difficult to detect abnormal neuronal excitability. Rather, conflicting results could reflect sampling error when correlation with GM loss is not considered. Because hippocampal atrophy can be uneven (Ogren et al., 2009a,b) , the present results indicate that measurement of GM loss as well as MTL subregion were important factors in detecting differences in firing and burst rates in relation to the SOZ, despite the relatively small number of patients; yet larger sample of single neurons compared to previous patient studies. In regard to MTL subregion, the largest differences in firing and bursts in relation to the SOZ were found in CA23DG, CA1, and EC, followed by SUB, and with no difference in PHG with GM loss. The regularity of abnormal firing across MTL subregions suggests localization of the microelectrode arrays on MRI was not associated with significant registration errors to obscure differences in firing with respect to subregion.
The functional significance of increased neuronal firing inside the SOZ is not yet known. It is possible that abnormal neuronal firing during interictal episodes strengthens synaptic connections through greater transmitter release and probability of synaptic transmission that maintains or increases the capacity of networks to generate spontaneous seizures (Bains et al., 1999) . There is also evidence that networks capable of generating seizures have an enhanced ''sensitivity'' to depolarizing inputs (Jiruska et al., 2010) . External impulses into these networks could drive hyperexcitable neurons that increase the synchrony of discharges, which was observed to be greater between single neurons inside versus outside the SOZ (Staba et al., 2002a,b) . A combination of greater firing and synchrony could initiate a build-up of neuronal discharges that facilitates the transition from interictal to ictal (Babb & Crandall, 1976; Bower & Buckmaster, 2008; Cymerblit-Sabba & Schiller, 2010) . Evaluation of these hypotheses should also consider cell type (e.g., principal and nonprincipal cells) and whether abnormal firing or bursting inside the SOZ is associated with excitatory or inhibitory cells, or both. Future investigations into the differences between the structure-function relationship of neurons in areas of GM loss inside and outside the SOZ should elucidate these aspects of synaptic reorganization that are epileptogenic.
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